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Abstract

This project investigated the importance of stresses and the immune system
response of hydrogen peroxide formation within the model system Physcomitrella
patens, as well as in Mnium cuspidatum. I examined the role of two hormones, abscisic
acid and jasmonic acid, along with the role that drought-like conditions play in the
specified defense response of hydrogen peroxide production. I hypothesized that abscisic
acid would act as an antagonist and reduce hydrogen peroxide production, jasmonic acid
would act as an amplifier to increase hydrogen peroxide production and increasing the
sodium concentration of the liquid treatment would also act as an antagonist. These
interactions are significant to the field of Bryology as they have not been prevalent in the
literature. At the conclusion of this research, it was determined that 20-minute exposure
to liquid treatments of salicylic acid showed an observed upward trend in hydrogen
peroxide production. In addition, abscisic acid may act as an antagonist toward SA
production as reduced level of hydrogen peroxide in the presence of both hormones were
found. Jasmonic acid was not tested due to lack of time and resources. Data regarding
NaCl effect on H2O2 production was inconclusive, and thus further research is necessary
to determine the potential interaction. These results provide further insight to how the
immune systems of archaic, non-vascular plants operate, which may give further insight
to the mechanisms within more modern and vascular plants, leading to potential advances
in the agricultural field. Furthermore, the results provide insight into the conserved
immune responses and may contribute to the collective understanding of plant evolution.
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Introduction
Mosses and Life History
One of the model systems used in these research trials was Physcomitrella patens,
which is a species of Bryophytes that has its entire genome sequenced and is welldocumented within the scientific community. The other system used in these experiments
was Mnium cuspidatum, a moss species common to woodland areas in United States with
significantly less documentation in the literature. However, both serve as excellent model
systems as they can be easily grown via propagation in a lab setting in a relatively short
amount of time.

P. patens and M. cuspidatum are both members of the division Bryophyta,
composed of some of the first plants to transition from aquatic environments to terrestrial
environments around 450 million years ago (Rensing et al., 2008). This division is
composed of mosses, liverworts, and hornworts, none of which possess vascular tissue
(Prigge and Bezanilla, 2010; Rensing et al., 2008). As is natural in bryophytes, P. patens
and M. cuspidatum both experience a generational alternation between a gametophyte
(the haploid generation) and the sporophyte (the diploid generation) (Prigge and
Bezanilla, 2010; Figure 1). They both start out as a haploid spore, before developing and
showing apical growth. As they mature, they will begin to develop gametophores, and at
the tip of those gametophores, male (antheridia) and female (archegonia) sexual organs.
At the point of maturity and under correct growing conditions, which for moss is a moist
environment, sperm cells produced by the antheridia (spermatozoids) will swim to
fertilize the egg cell that was produced in the archegonia. Once fertilization occurs, a
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diploid zygote will develop into the sporophyte, which at its height of maturity will
release haploid spores after meiosis and development in the sporangium (Cove, 2005).

Figure 1: Bryophyte Life Cycle (Campbell et al., 2008) of a typical moss showing a
dominant gametophyte generation and an alternation of generations.
Plant Defense Systems
Throughout their life cycle, plants are known to use two inducible systems for
defense that have been relatively well-characterized. Hypersensitive responses (HR) are
localized, while systemic acquired resistance (SAR) operates at an organismal level
(Winter et al., 2014). Hypersensitive responses are typically characterized by ion fluxes
and reactive oxygen species leading to localized apoptosis (Balint-Kurti, 2019; Heath,
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2000). In SAR, if there is a pathogen detected, signals are transmitted through the plant
by use of the phloem, one of the two vascular tissues in higher plants. At the onset of this
signal, pathogenesis-related (PR) genes are then expressed so that rapid responses can be
conducted (Winter et al., 2014). SAR also causes plants to be in a primed state, where
they can defend against a pathogen more quickly and effectively in subsequent attacks
due to a form of pathogenic recognition (Conrath, 2006).
Hormone Prevalence
Hormones, along with other signaling molecules, have an incredibly wide range
of functions within an organism, from carrying oxygen within the blood stream to
allowing for organismal growth. One place that hormones seem to typically be
overlooked are the essential functions they play in fending off pathogens. It is well
known that stress lowers the ability of the immune system to fight infection, making it
much easier for people to fall ill. This impaired immune ability is due to cortisone, also
known as the stress hormone, which forces the body to address whatever is causing the
stress (Barshes et al., 2004). This reallocation of energy is in line with the Principle of
Allocation, which claims that energy spent on one aspect of functional living cannot be
spent elsewhere (Perrin and Sibly, 1993). The energy consumption caused by combatting
the stress removes focus from the immune system, leaving an individual more at risk to
developing an illness. Similar to humans, hormones function in these times of stress in all
multicellular organisms, including mosses (Winter et al., 2014).
Hydrogen peroxide acts as one part of this physiological defense mechanism,
existing as both a signaling molecule (resembling phytohormones, or plant hormones)
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and a defense compound within eukaryotes (Veal et al., 2007). Hydrogen peroxide
production is an important immune response because it acts as a messenger allowing for
secondary metabolites to be activated in order to combat the pathogen (Conrath, 2006).
Hydrogen peroxide is first activated as a signaling molecule once infection has been
detected within the system, which will then begin to generate salicylic acid (SA), another
phytohormone. The stimulation of SA will then initiate the production of hydrogen
peroxide at a much higher concentration, in which the hydrogen peroxide then initiates
apoptosis (Desikan et al., 1998). In addition to activating the SA pathway, the lower
hydrogen peroxide levels also act as a signaling molecule to begin biosynthesis of other
secondary metabolites, activating SAR and combatting the pathogen (Hao et al., 2014).
The plant undergoes SAR via releasing these signals at the organismal level, causing
expression changes in numerous defense response genes (Winter et al., 2014).
Examined Phytohormones
The phytohormones SA and jasmonic acid (JA) act as signaling molecules in
activating these defense response genes and establishing SAR (Winter et al., 2014). It has
also been shown that both phytohormones’ defense pathways crosstalk, or are intertwined
and react with one another, in the event that a plant comes under duress. Through this
study to specify defense approaches, it was determined that SA primarily deals with
pathogenic stresses while JA primarily deals with herbivory stresses (Spoel et al., 2003;
McConn et al., 1997; Felton and Korth, 2000). JA will likely have a similar response to
that of SA in terms of increased hydrogen peroxide production as it also exists as a
defense signaling molecule. The mechanism by which jasmonic acid operates is not
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known in detail, but it is possible that with these tests we will be able to reveal more
about the specific pathway (Yarullina et al., 2018).
Abscisic acid (ABA), another phytohormone known to be involved in stress
responses, is an antagonist to SA as it will reduce the level of overall hydrogen peroxide
produced by the system. The abscisic acid will counteract the SA response, not unlike
cortisone in humans in its result, and therefore, reduce the level of hydrogen peroxide
produced (Zabala et al., 2009). This occurs because the abscisic acid is responsible for
regulating various stress responses in plants, such as closing stomata during a drought
response, and altering the hydrogen peroxide levels (Zhang et al., 2001). Based off of
previous research, I hypothesized that an increased sodium level in the plant treatment,
simulating a salt stress, would increase the level of hydrogen peroxide initially but may
hinder its ability to be produced over long periods of time (Wang et al., 2016). Given that
the sodium experiments were originally designed for P. patens but due to potential
contamination of moss samples were tested on M. cuspidatum, the results may differ
slightly but should be similar as members of the true moss division are salt-tolerant
(Richardt et al., 2010).
Previous Literature and Significance
Little research has been found concerning the effects of JA, ABA, and salt on the
specific defense response of P. patens and M. cuspidatum in altering the hydrogen
peroxide levels. This is likely due to most botanical research occurring on vascular
plants, which are much more prevalent economically through agriculture. This series of
tests remains important because they may lead to a better understanding of how these
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specific defense response mechanisms occur within non-vascular plants. If these
responses can be investigated with greater detail to determine the necessary components
and how they interact with one another, it is likely that this pathway can be related to
conserved or other, similar pathways within vascular plants. Such results may potentially
aid in the agricultural industry, as well as giving us an insight into the evolutionary
history of plant defenses. This research also remains important for the expansion of
knowledge regarding the conservation of immune systems across plants, as bryophytes
remain some of the earliest organisms to move from an aquatic to a terrestrial
environment.

Central Objectives
The goal of this project was to determine the effects of SA, JA, ABA and salt on
the capability of P. patens and M. cuspidatum to activate an immune response. This was
done by (1) treating the moss samples with exposure to SA to test the hypothesis that
H2O2 levels will increase, (2) treating the moss samples with exposure to ABA to test for
decreased H2O2 levels, (3) treating the moss samples with exposure to JA to test for
increased H2O2 levels, and (4) treating moss samples with exposure to sodium
concentrations to test for an initial increase of H2O2 followed by decreased levels.

Caden K. Groves 12

Materials and Methods
All chemicals purchased from Sigma-Aldrich unless otherwise specified.

Moss Growth Conditions
The moss species P. patens and M. cuspidatum were obtained from Dr. Philip
Villani’s lab, Butler University and grown via a BCD agar medium (Cove, 2005; pH 6.5)
that was sterilized via an autoclave system before plates were poured. Plates were
maintained at room temperature (roughly 22ºC) and exposed to a photoperiod regimen of
16 h light and 8 h dark.

Working Reagent
A Fox Assay (Ferrous Oxidation-Xylenol Orange Assay) working reagent was
created to precisely measure H2O2 concentrations. To create this, 2 separate solutions
were made. The first solution was composed of 490 mg of 25 mM ammonium ferrous (II)
sulfate and 6.7 mL of 2.5 M sulfuric acid dissolved in ultrapure water for a final volume
of 50 mL. The second solution was composed of 910 mg of 100 mM D-Sorbitol, and 4.4
mg of 125 µM Xylenol Orange, dissolved in ultrapure water for a final volume of 50 mL.
0.5 mL of the first solution was then pipetted into the second solution.

Fox Assay Standard H2O2 Curve
A standard H2O2 curve was created in order to compare all experimental values.
11 µL of 3 percent H2O2 was dissolved in 9.989 mL of ultrapure water to create a 1000
µM H2O2 stock. 1 mL of this stock was then placed into a sterile tube with 9 mL of
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ultrapure water and vortexed to create a 100 µM H2O2 tube. 1 mL of this was placed into
a second tube containing 1 mL of ultrapure water and vortexed to create a 50 µM H2O2
tube. This process was repeated 6 more times to create a curve of declining
concentrations: 25 µM; 12.5 µM; 6.25 µM; 3.125 µM; 1.5625 µM; 0.78125 µM; and
ultrapure water to act as the zero for the curve. 50 µL from each tube were then placed
into a 1 mL microcentrifuge tube with 500 µL of working reagent 3 separate times to
represent triplicates.

Salicylic Acid Experimentation
In order to establish a baseline of H2O2 production, a time range of soaking
treatments of SA and 25 mM KPO4 buffer (pH 6.2) was used to determine consistency
(0 min, 5 min, 10 min, 20 min) of H2O2 production. Experiments were stopped at 20
minutes as unpublished work previously completed by Dr. Villani’s lab suggested that
H2O2 values decreased after the 20-minute mark. Moss samples weighing between 40 mg
and 60 mg were removed from their respective plates via sterilized forceps and soaked in
a 20x (of their weight) solution with a 1:100 concentration of SA to KPO4 (for
experimental samples) and pure KPO4 (for the controls) for the stated time. At the
conclusion of the soak, samples and controls were removed from the liquid treatment,
placed on a sterile paper towel, and gently patted twice to remove as much fluid as
possible. Samples and controls were then placed into a grinding solution with a
concentration of 10x KCN (6.5 pH) and 30x KPO4 (6.2 pH) buffer and ground
immediately for 60 s. The liquid was then transferred into a 1 mL centrifuge tube before
being spun at 14000 RPM in a microcentrifuge for 2 min. 50 mL of the substrate was
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then pipetted into 3 different 1 mL centrifuge tubes containing 500 µL of working
reagent and vortexed. These samples were then allowed to sit for 40 min alongside the
standard curve of the fox assay for full color development. Before being transferred, the
tubes were vortexed for 5 seconds to ensure proper consistency.150 µL of the curve and
samples were then transferred into a microplate to be read by a micro spectrophotometer
at 560 nm for H2O2 concentrations.

Abscisic Acid Experiments
To test ABA effects on the H2O2 production in the moss species P. patens, a stock
solution of 100 mM ABA was prepared in the KPO4 buffer. Two separate experiments
were designed and conducted. The first consisted of the use of a time range of soaking
treatments (0 min, 5 min, 10 min, 20 min) to determine consistency of H2O2 production
and ABA effect. Moss samples weighing between 40 mg and 60 mg were removed from
their respective plates via sterilized forceps and soaked in a 20x (of their weight) solution
with a 1:1000 concentration of ABA to KPO4 (for experimental samples) and pure KPO4
(for the controls) for the stated time. At the conclusion of the soak, samples and controls
were removed from the liquid treatment, placed on a sterile paper towel, and gently
patted twice to remove as much fluid as possible. Samples were then moved to a 20x
solution with a 1:100 concentration of SA to KPO4 to soak for the same amount of time
as the previous soak. Controls and samples (that had been through the second round of
treatment) were then placed into a grinding solution in a concentration of 10x KCN and
30x KPO4 buffer and ground immediately for 60 s. The liquid was then transferred into a
1 mL centrifuge tube before being spun at 14000 RPM in a microcentrifuge for 2 min. 50
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µL of the substrate was then pipetted into 3 different 1 mL centrifuge tubes containing
500 µL of working reagent and vortexed. These samples were then allowed to sit for 40
min alongside the standard curve of the fox assay for full color development. Before
being transferred, the tubes were vortexed for 5 seconds to ensure proper consistency.150
µL of the curve and samples were then transferred into a microplate to be read by a micro
spectrophotometer at 560 nm for H2O2 concentrations. All fluid was then disposed.
The second experiment consisted of a liquid treatment possessing both SA and
ABA in the concentrations previously listed for a time period of 20 min. At the
conclusion of the soak the above protocol was followed.

Jasmonic Acid Experiments
To test JA effects on the H2O2 production in the moss species P. patens, a stock
solution of 100 mM JA was prepared in the KPO4 buffer. Two experiments similar to the
ABA experiments were designed. Moss samples weighing between 40 mg and 60 mg
were removed from their respective plates via sterilized forceps and soaked in a 20x (of
their weight) solution with a 1:1000 concentration of JA to KPO4 (for experimental
samples) and pure KPO4 (for the controls) for 20 min. At the conclusion of the soak,
samples and controls were removed from the liquid treatment, placed on a sterile paper
towel, and gently patted twice to remove as much fluid treatment as possible. Samples
were then moved to a 20x solution with a 1:100 concentration of SA to KPO4 to soak for
the same amount of time as the previous soak. Controls and samples (that have gone
through the second round of treatment) were then placed into a grinding solution in a
concentration of 10x KCN and 30x KPO4 buffer and ground immediately for 60 s. The
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liquid was then transferred into a 1 mL centrifuge tube before being spun at 14000 RPM
in a microcentrifuge for 2 min. 50 µL of the substrate was then pipetted into 3 different 1
mL centrifuge tubes containing 500 µL of working reagent and vortexed. These samples
were then allowed to sit for 40 min alongside the standard curve of the FA for full color
development. Before being transferred, the tubes were vortexed for 5 seconds to ensure
proper consistency.150 µL of the curve and samples were then transferred into a
microplate and read by a micro spectrophotometer at 560 nm for H2O2 concentrations.
The second experiment consisted of a liquid treatment possessing both SA and JA
in the concentrations previously listed for a time period of 20 min. At the conclusion of
the soak the aforementioned protocol was followed.

NaCl Experiments
NaCl experiments were designed to be conducted on P. patens, but due to
propagation issues, I switched to M. cuspidatum (see discussion). Varying concentrations
of NaCl were used to test the effect of drought/salt stress on M. cuspidatum in this
experiment. A stock solution of 80 mM of NaCl was prepared in the KPO4 buffer. The
experimental procedure was similar to that of the above experiments. Moss samples
weighing between 40 mg and 60 mg were removed from their respective plates via
sterilized forceps and soaked in a 20x (of their weight) solution. For controls, this
solution was the 100 mM SA dissolved into the KPO4 buffer. A range of concentrations
was used for the NaCl tests, ranging from 20 mM to 80 mM of the NaCl solution diluted
in the 100 mM SA solution. All samples were soaked for a 20 min period, before being
transported onto a paper towel to be dabbed twice to remove excess liquid treatment
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before being ground in the 10x KCN and 30x KPO4 buffer solution. The resulting liquid
was then centrifuged for 2 min at 14000 RPM. 50 µL of the substrate was then placed
into 3 different 1 mL centrifuge tube with 500 µL of working reagent and vortexed before
sitting for the full 40 min time period. At the conclusion of the 40 min development
period, all samples and standard curve were vortexed to ensure consistency, and 150 µL
were pipetted into a microplate. The micro spectrophotometer was then used to read H2O2
concentrations at 560 nm before the fluid was discarded.

Data Organization and Analysis
Once all experiments were conducted and transferred to a 96-well plate, the plate
was inserted into the plate reader and read at 560 nm. The reading conducted was an EndPoint analysis, using the H2O2standard curve for calibration, with the 0 µM H2O2 acting
as the blank. The results produced were then transferred into an Excel spreadsheet and
organized by experiment before analysis. Results were analyzed via ANOVA tests
followed by 2-tail T-tests to determine statistical significance. Graphs were created using
averages, where the whole data sets were used for error bars.
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Results
Salicylic Acid induced H2O2 production trending upwards at 20 min

Figure 2: P. patens liquid bath treatment. Plant samples were soaked in a 20x solution
of KPO4 for controls and a 1:100 solution of SA to KPO4 for experimental samples.
Pictured above are samples undergoing a 20 min treatment, the 2 on the left being
controls and the 2 on the right being experimental.

H2O2

Concentration (µM)
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25
20
15
10
5
0
0

5
Time (min)
Control

10

20

SA

Figure 3: Mean endogenous H2O2 production in P. patens in response to SA through
time. Controls soaked in KPO4 buffer. Samples soaked in salicylic acid (n=6 for all
bars). Error bars represent +/- one standard deviation.
Time (min)
0
5
10
20

0
0.526
0.155
0.082

5
0.526
0.085
0.047*

10
0.155
0.085

20
0.082
0.047*
0.371

0.371

Table 1: P-Values from data for the time values used in the above graph (Fig. 3).
Data was collected and all combinations were analyzed via a t-test after an ANOVA.
Significant values are bolded as well as denoted by *.

A varying time range of SA treatments in comparison with controls indicate an
elevated H2O2 response in the presence of SA (Figure 3; Figure 4). H2O2 values
continued to increase with the time allotted for the moss samples to soak, reaching their
peak at 20 min (Figure 3). All data was entered into Microsoft Excel where the means for
experimental samples and controls for all times were compared via an ANOVA: Two-
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Factor without replication (p-value < 0.36), and all combination of t-tests were then ran to
investigate statistical differences in the data while adjusting for multiple comparisons
(Table 1), showing that H2O2 production at 20 min was significantly higher than 5 min.
The 20 min time value represented near significant difference from the rest of the time
values (Figure 3).

Abscisic Acid may act as a negative regulator

H2O2 Concentration (µM)

First ABA Experiment

25
20
15
10
5
0
0

5

10

20

Time (min)
Control
ABA->SA
Figure 4: Mean endogenous H2O2 of P. patens after being soaked at various times.
Controls represent samples soaked in KPO4 buffer. ABA->SA represent samples soaked
in ABA then moved to SA (n=4 for all bars). Error bars represent +/- one standard
deviation.
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Time (min)
0
5
10
20

0
0.438
0.511
0.154

5
0.438
0.936
0.216

10
0.511
0.936

20
0.154
0.216
0.337

0.337

Table 2: P-values calculated from the data used in the above graph (Fig. 4). Data was
compiled and analyzed via an ANOVA followed by a t-test.

Moss samples that were soaked in ABA then moved to SA did not alter H2O2
production. I found no statistically significant results, as the ANOVA: Two-Factor
without replication test yielded a p-value of 0.82.
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H2O2 Concentration (µM)

Second ABA Experiment

25
20
15
10
5
0
Control
SA
ABA+SA
Treatment for 20 minutes

Figure 5: Mean endogenous H2O2 of P. patens. Controls represent plant samples soaked
in KPO4 buffer. SA as denoted in the legend represent samples soaked in salicylic acid.
ABA+SA represent samples soaked in both SA and ABA (n=6 for control; n=6 for SA;
n=4 for ABA+SA). Error bars represent +/- one standard deviation.

Treatment

Control

Control
SA

0.088

ABA+SA

0.233

SA

ABA+SA

0.088

0.233
0.021*

0.021*

Table 3: P-values from data used in the above graph (Fig. 5). All combinations of
data were compiled and analyzed via a t-test and sorted. Significant values are bolded and
denoted with an *.
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Moss samples soaked in a combination of ABA and SA did show a difference in
H2O2 production at 20 min (Figure 5). H2O2 production decreased significantly from
just SA treatment (p-value = 0.021; Table 3).

H2O2 Concentration (µM)

NaCl Experiments

25
20
15
10
5
0
Control

SA

NaCl+SA

NaCl

Treatment for 20 minutes
20 mM

40 mM

Figure 6: Mean endogenous H2O2 values of M. cuspidatum at 20- and 40-mM
concentrations. Controls soaked in KPO4 buffer. SA represents samples soaked in
salicylic acid. NaCl represents samples soaked in both SA and NaCl (n=6 for all bars).
Error bars represent +/- one standard deviation.
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Treatment
Control
SA
NaCl 20+SA
NaCl 40+SA
NaCl 20
NaCl 40

Control
0.469
0.704
0.705
0.016*
0.508

SA
0.469
0.565
0.345
0.242
0.681

NaCl 20+SA
0.704
0.565
0.479
0.001*
0.550

NaCl 40+SA
0.705
0.345
0.479
0.029*
0.368

NaCl 20
0.016*
0.242
0.001*
0.029*
0.007*

Table 4: Comparison of mean endogenous H2O2 values at 20- and 40-mM
concentrations. All data analyzed from the above graph (Fig. 6). Significant values are
bolded with an *. All data was compiled and analyzed via an ANOVA followed by t-tests
and sorted into the above graph.

In order to better understand drought resistance in conjunction with pathogen
stress, plant samples were soaked in varying concentration of NaCl and in combination
treatments of SA and NaCl. An ANOVA: Two-Factor without replication showed there
were significantly different values (p-value = 0.04), and t-tests assuming unequal
variances were ran after to determine significance. Results showed that plants soaked in a
20 mM NaCl concentration significantly produced more H2O2 than samples soaked in 40
mM NaCl. Samples soaked in 20 mM NaCl were also significantly different from the
controls, as well as samples soaked in 20 mM NaCl+SA and 40 mM NaCl+SA (Figure 6,
Table 4).

NaCl 40
0.508
0.681
0.550
0.368
0.007*
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Discussion
The establishment of P. patens as a model system with relatively welldocumented research conducted on it in comparison with other non-vascular plants
prompted me to use it as our primary system for testing SA and ABA. However, through
continued use of P. patens samples, the amount of plant material for samples grew
exceedingly low, along with a possibility of contamination within a large number of
newly propagated samples. As an alternative, we tested salt concentrations on M.
cuspidatum as it was readily available in the lab without possibility of contamination. For
the future use of the written protocol to test JA, P. patens should be used for consistency
in hormone trials.

SA induces H2O2
The results from P. patens suggest that a range of timed liquid treatments could
be applied to determine H2O2 concentrations in response to SA activation as if a pathogen
was attacking the plant sample. As time values increased, it was evident that prolonged
exposure to SA ensured higher H2O2 values would be produced, which may suggest that
20 min is toward the beginning of the reaction where it first becomes detectable. While a
time cap was placed at 20 min based off of previous research from Dr. Villani’s lab and
to prevent hypoxia within the controls, H2O2 production may continue to increase beyond
20 min and should be investigated in the future. However, it is also clear that longer
exposure ensured controls, independent of any hormonal treatments, would follow a
general upward trend in H2O2 production, which may be attributed to multiple factors. At
first, I thought it to be bacterial contamination due to the continuation of high H2O2
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values in the controls as if they were responding to a pathogen before experimentation,
but that was ruled out when we followed a bleaching procedure. New samples yielded
similar results to those samples that were not bleached. This led us to theorize that, along
with the pattern of increasing exposure, increasing hypoxia was likely the cause of
increasing H2O2 values. Due to prolonged soaking, we felt that the lack of oxygen could
be inducing a defense response that induced increased H2O2 values within the samples.
This may be in addition to H2O2 produced via physical wounding with the forceps used to
handle plant samples.

ABA may act as a negative regulator
The tests conducted to investigate the role of ABA agreed with our initial
hypothesis of acting as a negative regulator in the SA pathway. Two different
experiments were conducted as stated in the methodology. The first did not provide any
conclusive data. This lack of results could be attributed to many things, such as a problem
with the procedure, a small sample size, or a lack of understanding of how ABA and SA
react with one another. It could also be indicative of the order in which the samples were
treated, with the soak beginning in ABA and being moved to SA. Perhaps the
phytohormones must be reacting with one another simultaneously rather than individually
for any crosstalk to occur between them, therefore altering the level of H2O2 produced.

This possibility is explored in the second experiment where it was supported that
ABA is in fact a negative regulator when in the presence of SA, disrupting the SA
pathway for defense. This negation of a defense response may be due to the fact that
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ABA has previously been described as a drought response hormone (Wang et al., 2016;
Zhang et al., 2001). In step with the Principle of Allocation, the examined response could
be due to a priority organization of issues experienced by the plant sample (Perrin and
Sibly, 1993). It is possible that the plant recognizes a potential scarcity of water to be of
higher risk than a pathogenic infection, and therefore allocates the necessary energy to
ensure that the ABA pathway is able to properly function, which happens to stunt the
ability of the SA pathway to defend against pathogens. However, knowing that P. patens
is a salt-tolerant model system (Richardt et al., 2009), which may affect the severity of its
response to ABA, I believe that further testing should be conducted. This investigation
should examine the relationship between SA and ABA at lengthened time values, akin to
a more natural schedule of infection and drought.

JA will be tested in the future
Regarding JA testing of P. patens, the lab was constrained by both time and
resources and this question was unable to be investigated. However, the methodology has
been written, and this will be investigated in the future. The following of these
procedures and addition of data will produce a finished piece of research with the
possibility of publication. It may also provide insight to the ways in which the JA
pathway responds in comparison to the ways in which ABA and NaCl respond, providing
further clues to the complex network of non-vascular hormonal systems and potentially
their vascular counterparts.
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NaCl investigation was inconclusive
Testing of salt concentrations on M. cuspidatum was constrained by time. While
much work has been done, more trials are necessary to draw any concrete conclusions.
As for further testing, the procedure will resemble that of JA. Further trials will fall into
the hands of Dr. Villani’s future students, in hopes that the conclusion of the research will
prove able to be published.

While there is still more work to be completed, the results do seem to support the
hypothesis that higher salt concentrations would temporarily increase H2O2 production.
The data points collected from the samples treated with just 20 mM NaCl were
significantly different from all the other results, save for SA itself (Fig. 6, Table 4).
While this would make sense on its own merit, it is hindered by the fact that the data
shows much smaller H2O2 values for 40 mM NaCl, as well as both concentrations
combined with SA. While it is possible that concentrations above 20 mM may hinder the
ability in some way of a plant specimen to respond, it is not likely, especially given the
use of much higher concentrations seen in the literature (Wang et al., 2016). However,
this research has not been conducted on non-vascular plants so there may be a
discrepancy with the lack of vascular tissues as well. It is arguably more plausible that the
sample size needs to be increased to show the actual patterns and behaviors of the plant
samples when responding to various NaCl concentrations, which will be remedied via
future students.
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That being said, once the final collections of this data have completed, I would
like to see more experimentation regarding the drought pathway and allocation of energy
to pathogen response. I believe that an interesting experimental addition to these sets of
experiments would be one that combined both ABA as well as NaCl to see their effects
on one another. Given that the heavily concentrated NaCl conditions resemble drought,
and ABA is considered a drought hormone (Zhang et al., 2001), it would be interesting to
see how they react with one another as well as SA, and whether they would show that
drought must be dealt with prior to pathogen response, as some research has previously
shown (Richardt et al., 2009).

Conclusion
Hormones and environmental conditions play a significant role in the
survivability and degree of response an organism has. In these tests, the Bryophytes
Physcomitrella patens and Mnium cuspidatum were used to test the effects that salicylic
acid, abscisic acid, and salt concentrations had on hydrogen peroxide response. Through
these tests, it was established that a time period of 20 min liquid treatments suggested the
least variability as well as an upward trend in H2O2 production. It was also discovered
that abscisic acid may act as a negative regulator to the salicylic acid pathway, potentially
implying that an environmental stress, such as drought, takes priority over an infection
via pathogen. Salt concentration investigation was largely inconclusive, as samples
soaked in 20 mM NaCl produced significantly higher H2O2 values than all other
samples save for SA, but samples soaked in 40 mM remained the same as all of the other
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samples. Unfortunately, due to time and resource constraints, jasmonic acid was unable
to be tested.

Given the lack of literature on testing such as this as well as the inconclusive
nature of my own investigation, I believe that not enough is known about the response
pathways of the Bryophytes as well as non-vascular plants in general. This alone warrants
more attention in this area. However, the results produced by these tests lay the
groundwork for future research, and our collective understanding of the immune
responses of non-vascular plants to be expanded to the vascular plants as well.
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